In this paper we analyse acoustooptic properties of ferroelastic crystals. It is shown that proper ferroelastics are the most attractive materials for utilisation in acoustooptic devices, due to low velocities of acoustic waves caused by anomalous behaviour of elastic properties in the vicinity of phase transition. A number of new ferroelastic compounds promising for acoustooptic applications are described.
Introduction
Parametric crystal optics as a field of physics has been established in [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] at the interfaces of classical branches already well developed at that time (crystal optics and solid state physics) and a novel one (nonlinear optics). The effects embraced by the parametric optics are in fact nonlinear optical ones, although they take place under the conditions of low-frequency and high-strength external fields and low-intensity optical fields. In spite of the fact that the first parametric optical phenomena (such as piezooptic effect and those discovered by Pockels, Kerr and Faraday) have been known as long ago as 19th century, the scientific branch to which they belong has become mature much later, at the times when strong needs and practical possibilities for controlling laser radiation have appeared.
Almost simultaneously with the intense rise of parametric optics, a wide branch of solid state physics has formed, ferroelectricity and physics of structural phase transitions. A synchronism of appearing of these two branches has not been accidental since just ferroic crystals (ferroelectrics, ferroelastic and ferromagnetics) prove to be the best materials utilised in optoelectronic devices, which are based on the principles of parametric crystal optics. These materials include the crystals which have already become canonical: ferroelectric crystals of lithium niobate, lithium tantalate and KDP used for electrooptic modulation of light, ferromagnetics such as ferrite garnets and orthoferrites used in magnetooptic devices, etc.
From this point of view it would be quite logical to assume that ferroelastic materials could be efficiently utilised in acoustooptics. This idea is not novel as it has been developed beginning from the works [1] [2] [3] [4] . Actually, the lattice instability in proper ferroelastics with respect to specific acoustic phonons leads to extremely high values of elastic compliances, low values of acoustic wave velocities and, as a result, increasing efficiency of acoustooptic interactions. Let us note that the best acoustooptic material, crystalline paratellurite, also manifests a ferroelastic phase transition, which is practically realised under high hydrostatic pressures [5, 6] . Moreover, this crystal has also a hypothetical ferroelastic phase transition from the prototype cubic phase [7] . The efficiency of acoustooptic interactions is additionally determined by some other parameters, in particular the refractive indices and the photoelastic coefficients. These parameters are also essentially coupled with the ferroic properties of a medium.
Thus, the problem of searching for efficient acoustooptic materials is closely linked with studies of the phase transitions, which are accompanied by deformations of crystalline lattice, softening of acoustic phonons and anomalous behaviour of both the elastic and optical properties. The present report is devoted to comparative analysis of ferroelastic materials, including a number of new compounds that could be successfully employed in acoustooptics.
Criteria for selection of acoustooptic materials
A principal parameter that defines the acoustooptic efficiency of any material is the acoustoptic figure of merit:
where n is the refractive index, ef p the photoelastic coefficient, ρ the density of material and v the acoustic wave velocity. The efficiency of acoustooptic interaction is given by the relation
where 0 I and d I are the intensities of incident and diffracted beams, respectively. It is clearly seen from Eq. (1) that the acoustooptic figure of merit depends mainly on the acoustic wave velocity, which should be as low as possible. Besides, the magnitudes of the effective photoelastic coefficient and the refractive index are also of importance. Following from the mentioned above, it is reasonable to choose the operating wavelength of optical radiation close to the absorption edge of materials where both the photoelastic coefficients and the refractive indices should be large enough, owing to the dispersion effects. However, the optical absorption also significantly increases under such the conditions. The same contradiction takes place is for the vicinity of proper ferroelastic phase transitions where the acoustic wave velocities decrease notably. Indeed, a decrease in the acoustic wave velocities close to the Curie temperature is usually accompanied by increase in the acoustic attenuation. Moreover, low acoustic velocities impose decreasing operation speed of the acoustooptic devices.
The effective photoelastic coefficients are also among the parameters included in Eq. (1). They could be optimised with respect to the acoustic wave polarization so that the resulting magnitude of ef p would be as large as possible for a given material. The attempts of such the approach have been made in the works [8] [9] [10] . However, it should be noted that the maximum value of ef p turns out to be related to the polarization of acoustic wave having relatively large velocity which, on the contrary, would lead to decrease in the 2 M parameter. Furthermore, the acoustooptic interaction for such the wave could in general be not achievable due to absence of conditions for the vector sums. The density of material also influences the acoustooptic figure of merit. From this viewpoint, packing of heavy chemical elements in the unit cell should be dense enough. On the other hand, there exists another method for increasing acoustooptic figure of merit: in case of some acoustic anisotropy it might be possible to select the slowest acoustic wave for the interaction. Such the approach leads to increase of the 2 
M
parameter by an order of magnitude [11] . Hence, searching for principles of selection of the best acoustooptic materials represents rather complicated task, both multi-parametric and ambiguous. Nonetheless, the acoustic wave slowness remains a principal parameter which can greatly increase the efficiency of acoustooptic interactions. The materials where slow ultrasonic waves propagate belong mainly to the ferroelastic family though, of course, they should not be used just under the non-equilibrium conditions of the phase transition.
Comparison of acoustooptic properties of different ferroelastics
The ferroelastics are crystals that exhibit spontaneous strains of the crystalline lattice appearing at the temperature of structural phase transition and existing in the overall temperature range of ferroelastic phase. This spontaneous strain can be switched by external mechanical stresses. The ferroelastic phase transition is usually driven by the soft acoustic phonon that leads to a drastic lowering of crystal symmetry and a change in its syngony. There are many common features of ferroelastics such as a peculiar domain structure, anomalous behaviours of the elastic stiffnesses and compliances etc., which have been described in many review articles (see, e.g., [12] [13] [14] [15] ).
In general, ferroelastics represent a wide group of crystalline materials, with the number of representatives not less than that for the groups of ferroelectrics, ferromagnetics, superionic conductors and others. Almost 150 compounds belong to the pure ferroelastics. Many crystals do not have ferroelastic phase transition at the normal conditions, though manifest the ferroelastic transformation under high hydrostatic pressures. For instance, one can refer paratellurite to the latter crystals. Besides, the phase transformation in some crystalline compounds cannot be accessible even under high pressures, though they manifest many properties peculiar for ferroelastics. These are change in the symmetry that needs to assume existence of a prototype phase (e.g., for BaB 2 O 4 crystals), availability of elastic twins, as well as different symmetries of isostructural crystals with close chemical compositions (e.g., Hg 2 I 2 does reveals no ferroelastic phase transition, contrary to Hg 2 Br 2 ). Of course, it would be difficult to analyse exhaustively the acoustooptic parameters of all the ferroelastics, at least because the corresponding literature data are not complete enough. However, one can select the crystals from the families listed above which manifest prominent acoustooptic properties (see Table 1 ).
For example, the well-known acoustooptic material, tellurium dioxide, exhibits the ferroelastic phase transition from tetragonal to orthorhombic phase under high pressures. This phase transition is accompanied by softening of the acoustic phonon propagated along [110] direction, with the polarization parallel to [1 10 ] direction [5, 6] . Notice that at the normal conditions the maximum acoustooptic figure of merit ( M value is that the relevant acoustic wave is very slow (its velocity is equal to 273 m/s [20, 21] ). Unfortunately, this circumstance also causes low response speed of acoustooptic devices based on Hg 2 Br 2 . This is probably the reason why the Hg 2 Br 2 crystals have been suggested for utilising in the Bragg cells for a very long-delay signal processing in a compact package, due to extraordinarily low acoustic wave velocity. The next material we would touch upon is ferroelastic Cs 3 Bi 2 I 9 exhibiting the ferroelastic transformation with the symmetry change 6/mmmF2/m. Regarding the acoustooptic interaction with the longitudinal acoustic wave propagated along [100] direction (the velocity 1990.1 m/s), the acoustooptic figure of merit has been found to be The next family of ferroelastic materials, which seems to be reasonable for consideration, is the family of Cs 2 BX 4 halides with β-K 2 SO 4 structure. These crystals possess ferroelastic phase transformation occurred after passing through intermediate incommensurate phase (this phase is denoted as I in Table 1 ). The acoustooptic figure of merit can achieve m/s [26] [27] [28] . We have this exceptional result because of the fact that the photoelastic coefficient providing the acoustooptic interaction with the transverse acoustic wave is order of magnitude smaller than the appropriate coefficient referred to the interaction with longitudinal waves. In addition, the refractive indices for all the Cs 2 BX 4 crystals are not high enough. It is also important that the ferroelastic phase transitions in these crystals are improper. Another representatives of the improper ferroelastics are lead orthophosphates and orthovanadates. The maximum acoustooptic figure of merit observed for Pb 3 (P 0.7 V 0.3 O 4 ) 2 crystal is equal to 15 3 27.2 10 s /kg − × and corresponds to the interaction with the longitudinal wave (the velocity 4160 m/s) [1] . In connection with improper character of the phase transitions in lead orthophosphates and orthovanadates, there has been observed no softening of acoustic phonons in the centre of Brillouin zone, the elastic stiffness of these crystals does not approach zero at the Curie temperature and the acoustic wave velocities remain relatively high. This is the reason why the acoustooptic figure of merit for the palmierites is low enough. Now let us consider the crystals that undergo no ferroelastic phase transitions at the normal conditions (i.e., the transition is hypothetical). BaB 2 O 4 crystals belong to these materials. BaB 2 O 4 grows in the two modifications: a non-centrosymmetric lowtemperature (the point symmetry group 3m) and a centrosymmetric high-temperature (the point group 3m ) ones. Usually one needs the non-centrosymmetric modification (a socalled beta-barium borate) for various nonlinear optical applications. If the crystal is grown at high temperatures, the samples obtained are characterised by the group 3m (an alpha-barium borate). A phase transition between the alpha and beta phases occurs at 1198 K ∼ under certain conditions [29] . However, this structural phase transition is not completed with decreasing temperature, even down to the room one and so the crystal usually stays in heterophase conditions or remains centrosymmetric, with some nucleus of the acentric phase. Nonetheless, if the phase transition between the said phases does exist and the symmetries of the phases are not related as group-subgroup, then a prototype phase with some higher symmetry might be chosen, which represents a common parent phase for the both alpha and beta ones. The only higher point symmetry group common for the 3m and 3m groups is m3m. Then the phase with the symmetry 3m is ferroelastic and appears (270 70) 10 s /kg M = ± × for the case of acoustooptic interaction with the slowest acoustic wave [11] . Sn 2 P 2 S 6 crystals have never been considered as ferroelastic and are well-known as proper ferroelectric ones. However, according to the recent data, the twins separated by planar walls appear in the Sn 2 P 2 S 6 crystals [30] . Rather than for the ferroelectric 180°-domains, these walls are peculiar for the ferroelastic domains that differ by the orientation of principal axes of the spontaneous strain tensor. Following from the orientation of these walls that does not coincide with the principal crystallographic planes (the so called W ′ -walls), one can assume that the hypothetical paraelastic phase should have high symmetry (m3m or 43m ). Notice that the acoustooptic figure of merit for these crystals has been found to be 15 3 (1700 400) 10 s /kg − ± × and the acoustooptic diffraction has been observed for the case of interaction with the transverse acoustic wave (the velocity 2100 m/s) [31] . The high value of acoustooptic figure of merit in the case can be also caused by the softening of optical phonon and respective acoustic phonon at ferroelectric phase transition.
The last material we address is Tl 3 PSe 4 crystal (the point symmetry group mmm), with the acoustooptic figure of merit equal to -15 3 2100 10 s /kg × [32] . Similarly to the most of cases analysed previously, here the high acoustooptic efficiency is associated with a very slow transverse acoustic wave (510 m/s) and a large refractive index. These crystals also manifest no ferroelastic phase transition at the normal conditions. However, the crystalline compounds such as Tl 3 VS 4 and Tl 3 TaSe 4 , which are iso-structural to Tl 3 PSe 4 , belong to the point group 43m [19] . Then one can anticipate that a ferroelastic phase transformation with the symmetry change 43mFmmm would exist on the concentrationtemperature phase diagram of the corresponding solid solutions, e.g. Tl 3 P x Ta 1-x Se 4 .
Conclusions
Summing up the results our analysis for the acoustooptic properties of crystals regarded as efficient acoustooptic materials, one can conclude that all of these crystals manifest ferroelastic properties. Owing to low velocities of their acoustic waves caused by elastic instability at the phase transition, softening of the acoustic phonons and anomalous behaviour of the elastic stiffness coefficients, the acoustooptic figure of merit of these crystals can be as high as 10 3 10 s /kg − at the phase transition temperature and 12 3 10 s /kg − at the normal conditions. In some cases the photoelastic coefficients could play a crucial part in achieving high acoustooptic figures of merit. This case may be represented by Cs 2 HgCl 4 crystals. Their photoelastic coefficient concerned with acoustooptic interaction with the slowest acoustic wave is too small. Besides, the anisotropy and high values of photoelastic coefficients should play deciding role for the acoustooptic interactions in case of almost isotropic acoustic wave velocity (for example, for SrB 4 O 7 and PbB 4 O 7 crystals [33] ). However, this condition usually is not the case for the ferroelastics.
Paratellurite and alpha-barium borate in fact belong to the materials analysed in the present paper and defined as ferroelastics. The semiconductor crystals Sn 2 P 2 S 6 and Tl 3 PSe 4 could also be considered as ferroelastic materials due to specific features of their properties. However, the latter fact should be proved experimentally.
